Summary. Synthetic seismograms based upon first-order perturbation theory are analysed to test the validity of assumptions which form the basis of current velocity inversion procedures. It is found that the lowest order geometrical optics approximation, namely that measured normal mode eigenfrequencies reflect the average structure underlying the source-receiver great circle path, becomes less valid near nodes in the source radiation pattern and near the surface wave foci at the source and its antipode. These failures are a consequence of singlet interference within an isolated normal mode multiplet. The technique of determing frequency by fitting a single resonance peak to a multiplet yields results which agree well with the first-order theory for slow and fast paths where excitation is dominated by one pair of singlets but on intermediate paths where singlet interference is more of a problem, agreement is not as good. Inversion of small data sets is particularly sensitive to frequency fluctuations near radiation nodes, while larger sets are influenced more by antipodal deviations from geometrical optics. The latter leads to inversions which fail to recover the short wavelength structure of the starting model. Basing inversions directly upon first-order theory shows promise of improving recovery of short wavelengths.
Introduction
The low-frequency portion of the seismic spectrum is a source of information on large-scale lateral variations of mechanical properties in the Earth's mantle which has proved difficult to interpret. Direct solution of the equations of motion for an arbitrarily inhomogeneous sphere is a formidable task and, in practice, a number of approximations have been employed to make the problem of inferring structure more tractable. One of the safest of these is that deviations from spherical symmetry are sufficiently small that first-order perturbation theory yields a satisfactory representation of the spectral signal. Observed normal mode frequencies deviate by less than 1 per cent from those calculated from a spherically symmetric velocity model compensated for hydrostatic ellipticity, so this condition is probably well met for seismic energy between 0.3 and 5.0 mHz in the upper mantle.
A further approximation long in use in seismology (Toksoz & Ben-Menahem 1963; Backus 1962 Backus , 1964 Toksoz & Anderson 1966 ) is that the scale length of the structure being probed with surface waves is much greater than the scale length of the waves themselves, SO that geometrical optics gives a valid description of the spectrum. Approaches known as 'pure path' techniques are based upon this. Simply stated, the pure path assumption is that the total phase difference from successive passages of surface waves observed a t a receiver is the integrated phase difference along the great circle path connecting source and receiver and can be computed from a sequence of spherically symmetric regional phase velocity curves. Thus phase velocity measurements reflect the average structure underlying only that particular great circle, and with sufficient coverage of paths, tomographic techniques can be used to invert for global lateral structure. The normal mode equivalent of phase velocity measurements is an estimate of apparent peak eigenfrequency shifts away from the spherical average or monopolar eigenfrequency . These too are assumed to reflect the great circular path average properties.
Two strategies for accomplishing inversion have evolved. One is t o discretize the initial model on some a priori basis and regress upon these discrete elements t o obtain estimates of local velocity. Silver & Jordan (1 981) measured the apparent central eigenfrequencies of almost 2200 fundamental spheroidal modes, and by imposing upon a spherical model a regionalization scheme which divided the Earth into six tectonic provinces, they achieved roughly a 30 per cent reduction in the frequency variance remaining after the spherical signal was removed. A second approach is to fit for a model of simple depth dependence whose lateral variations are represented by spherical harmonics. Masters et ai. (1982) assembled a set of eigenfrequency shifts nearly twice as large using a slightly different technique and achieved almost 70 per cent variance reduction over spherical symmetry with only a simple degree 2 model. More recently published models based upon phase velocity measurements which also incorporate shorter wavelength structure (Woodhouse & Dziewonski 1984; Nakanishi & Anderson 1983 ) have employed this representation as well. Describing structure by spherical harmonics has the additional advantage of incorporating fewer a priori assumptions than any regionalization method, though constraints may be added judiciously (Woodhouse & Dziewonski 1984; Nataf, Nakanishi & Anderson 1984) .
For some time, however, the use of geometrical optics for waves of frequency less than 5 mHz has been questioned. Madariaga & Aki (1972) concluded on the basis of the models then at their disposal that ray theory was an acceptable description of fundamental modes of degree 2 0 < 1 < 40 only if the dominant degree of the heterogeneity was limited t o degree 4 or less. They did not consider a depth-dependent scale length, however, and since extrapolation of the scale length of crustal structure to upper mantle depths is probably not appropriate, their conclusion may not be valid. Recent evidence of anomalous surface wave amplitudes suggests that focusing and defocusing may have an important effect on waves of frequency less than 5 mHz in some regions of the world (Woodhouse & Wong 1986; Park 1986; Lay & Kanamori 1985) .
The purpose of this paper is to demonstrate that even for models restricted t o very long wavelength structure, singlet interference effects are important for surface wave-equivalent inodes and must be taken into account when inverting data. It is shown by use of synthetics that asymptotically lowest order geometrical optics predicts poorly the peak centre frequency of multiplets less than 5 mHz near nodal points and near the source and antipode. Finally, inversion of data and synthetics are compared and a bias toward smooth models demonstrated.
Perturbation theory and geometrical optics
It is appropriate that the theory of free oscillation spectra be reviewed at this point. Since the Earth is very nearly a perfect sphere anyway, most normal mode calculations begin by considering a model of seismic velocity structure which is spherically symmetric, nonrotating, perfectly elastic, and isotropic (SNREI). For such a model, the mass density p, shear modulus p , and incompressibility K are functions of radius only and will be denoted m(r). Spectra are composed of isolated multiplets, classified by their angular degree 1 and radial order n , which consist of 21 + 1 spectral lines each of the same frequency a d . The eigenfunctions of these singlets have the form :
The spheroidal modes ( l a ) have both radial and tangential particle motion and may be observed on IDA and GDSN instruments. The toroidal modes ( l b ) have particle motion tangential to the surface of the Earth and consequently are invisible on the vertical accelerometers of the IDA network.
Rotation and deviations from spherical symmetry act to eliminate degeneracy. For a slight aspherical perturbation 6rn(r, 6, rp), which for convenience will be expanded 6m(r, 8, rp) = 1 6mf(r) ~f ( 8 ,
rp)
S t the first-order eigenfrequencies of singlets are
where 6 u j is an eigenvalue of a (21 + 1) x (21 + 1) Hermitian splitting matrix H. If a geographical reference frame is adopted, H may be written (Woodhouse & Dahlen 1978) .
where is a diagonal matrix whose elements depend on the rotational frequency ! d and the Earth's hydrostatic ellipticity e h . The matrix H is that part of the splitting matrix which depends on lateral heterogeneity other than hydrostatic ellipticity, and each element of H depends linearly on 6 m . Given a model for velocity and Q , it is then straightforward to compute H, solve the eigenvalue problem using standard techniques (see, e.g. Smith et al. 1976) , and compute synthetic seismograms for any source desired.
In this calculation, the coupling of toroidal and spheroidal modes by rotation and by lateral structure is ignored completely. Park (1986) has considered this more general case and applied a Galerkin method to groups of fundamental toroidal and spheroidal modes on a laterally heterogeneous earth. He concluded that this procedure yields an answer not qualitatively different from first-order perturbation theory for modes not coupled by rotation and that the dominant coupling due to lateral heterogeneity occurs between the singlets of individual fundamental mode multiplets. Masters, Park & Gilbert (1983) have demonstrated that rotational coupling is important for fundamental spheroidal modes in the band of degree 1 = 8-22 and near 1 = 32-34, but is probably weak for other fundamental modes.
The dependence of singlet line positions on 6m is highly non-linear, and inversion has been complicated by the fact that attenuation has prevented the resolution of all but a few singlets of very low-frequency multiplets. Instead, estimates of structure have been based upon quantities derived from the entire multiplet. Jordan (1978) has demonstrated that the amplitude-weighted sum of the singlet eigenfrequencies, which he termed the multiplet location 6 0 is a linear functional of 6m : J. P. Davis and 
I. H. Henson
Here M is the moment tensor of the source and em is the strain associated with the mth eigenfunction. Jordan was able to show by way of a stationary phase argument that in the geometrical optics limit, where smax is the maximum significant degree in the expansion of 6m, the sum in (5) involving spherical harmonic functions and the splitting matrix becomes an integral. The multiplet location 6 6 may be approximated with an asymptotic series whose lowest order term, here denoted Qo, is:
The path of integration in (7) is over the great circle connecting source and receiver. 6aloca1(L+, cp) is the first-order perturbation to a d that would result if the entire model were to suffer a spherical perturbation equal to that underlying the point (6, 9) on the surface (Jordan 1978) .
Mo(r)
is the Frechet kernel appropriate for a spherically symmetric perturbation and may be found in Woodhouse & Dahlen (1978) . This result is simply the normal mode analogue of the surface wave pure path approximation: the sum of 21 + 1 singlets resembles a single resonance peak whose peak frequency has been shifted by an amount Qo -a d which reflects the average structure along the source-receiver great circle. One need only measure Qo for a good geographical coverage of great circles to invert for an even degree model. In practice, both 6G and its lowest order asymptotic approximation Qo are difficult to measure. Silver & Jordan (1981) chose to find Qo by computing the centroid of the multiplet power spectrum. Masters et al. (1982) fit a single resonance peak to multiplet spectra and tabulated frequency shifts away from a spherical average. Both yield similar measurements within one standard deviation. Their noise estimates are probably conservative and some part of the signal certainly remains undetected.
The key question in the treatment of normal mode data is how many sets of frequency shifts best be inverted for information about Salocal? If measurements deviate from Qo, inversions based upon the pure path assumption may give misleading results and the validity of the great circular average approximation for modes in the band 1-5 mHz would be suspect. Do resonance peak fitting techniques yield results which agree better with 6G, a quantity which can vary a great deal especially near nodes in the radiation pattern? If so, would inversions based upon 6G give more reliable velocity models?
Perhaps one mode in three is judged singlet-like enough in appearance for analysis, and interference effects may be appreciable for those which otherwise appear suitable (Davis 0 360° . One important corollary of lowest order geometrical optics is that frequency shifts of modes of a given radial order for the same event should vary smoothly as a function of angular degree 1. These shifts should be independent of the nature of the source and the source-receiver position along the great circle connecting them. In their study of fundamental spheroidal modes, Silver & Jordan (1981) noted that this was not always the case and cited one example whose geometry is shown in Fig. 1 . Three events located close to each other near the Kermadec Islands and thought to have similar source mechanisms were recorded at NNA, Peru. The frequency measurements normalized to a spherical earth model for these events are shown in Fig. 2 (a). The shifts clearly do not vary smoothly with I, and the odd-even fluctuation in modes oSls-oS,, is consistent from event to event. This is suggestive that some effect which is source-or geometry-dependent may be important.
Synthetic tests
To test this hypothesis, a synthetic seismograni based upon first-order perturbation theory was computed using velocity model M84A (Woodhouse & Dziewonski 1984 ) and the attenuation model of Masters & Gilbert (1983, table 9) . A shallow thrust fault mechanism common for events in the region served as the source. The length of the series 24 hr, is typical of the length normally treated in real data. Frequencies were measured by fitting a single resonance peak of known frequency and Q to the complex spectrum, the technique employed by Masters et al. (1982) : This result is shown in Fig. 2 structure in the Earth are determined with less certainty than the long-wavelength components, so the failure of the pattern in Fig. 2 (b) to match that of the data is not disconcerting.
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One possible explanation for this behaviour is that terms previously ignored in the asymptotic expansion of (5) observed at a vertical seismometer, that:
where Q,, is the great circular average as above, A is the epicentral distance, and s2: depends on the structure of nearby paths. Thus the observed frequency, to this order, should be the path average (7) plus a correction term which depends on the structure of nearby paths and upon A . For more complicated sources, other terms arise, but the correction terms always have a factor of the form tan [ ( Z + 1/2)A -x] which is the dominant fluctuation-producing
term.
The cause of the odd-even jitter in the synthetic is now clear. The source-receiver separation for the Kermadec-NNA paths is e93O. What is shown in Fig. 2(b) is the equivalent of sampling the tangent function at intervals of n/2 plus a small angle: the effect is to sample higher and higher on one branch of the tangent function and get wider fluctuations until a mode is reached, where the phase of the oscillation reverses as between modes oS28 and oS30 in Fig. 2(b) . The fluctuations are responsible for significant deviations from the path average. Consider the situation illustrated in Fig. 3 . An explosive source was fixed at a point 33 km below the surface at the juncture of the slow and fast paths of model M84A. Synthetic seismograms of mode oS25 were calculated as described above for receivers placed at 0.5" intervals along the same great circle. The frequency of oSzs was measured for each seismogram by fitting a single resonance peak to each mode. In addition, 8G was computed for each point. Both quantities and also the path average no predicted by lowest order geometrical optics are plotted in Fig. 4 for three cases: the slowest path (on average) of model M84A, the fastest, and one of intermediate speed.
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Since all source-receiver pairs for a given path lie on the same great circle, lowest order geometrical optics predicts that the same frequency (the great circular average no) should be observed at all points. The path average value for model M84A is indicated by the horizontal line. Clearly what is observed in the synthetics deviates from this in two important ways: one style of fluctuations varies rapidly with A, and near the source and antipode, the frequency observed approaches the spherical average. It should be noted that the most extreme deviations (equivalent to tan (k .rr/2)) represent values at nodal points and are less likely to be observed in practice. Still, sampling this great circle at several points would result in several different values for the 'path average'. The term in (9) responsible for the antipodal shift appears to be (sin A)-', a geometrical spreading factor. Physically, the source and its antipode are surface wave foci, and as these points are approached, energy from nearby paths contributes more and more to the spectrum. At the foci, energy arrives from great circles that have sampled all parts of the globe, and therefore for an explosion, the frequency measured reflects a spherical average. For a more general source, waves arriving from different azimuths will be selectively weighted by the source radiation pattern, but the measured frequency will still tend towards a global average. What is also clear from Fig. 4 is that resonance peak fitting to multiplet spectra seems to predict 6 0 fairly well for the slow and fast paths away from the antipodes, but does not work as well on intermediate paths where the structure is changing rapidly. A clue to why this is so is given in Fig. 5 . For model M84A, which has a strong degree 2 component, and for any model having strong even parity structure, the first-order line spectrum consists of singlets, many of which occur in degenerate pairs (Dahlen & Henson 1986 ). The pair of lowest frequency lines correspond to eigenfunctions that are weakly modulated standing waves along the great circle through the slowest average path. The two eigenfunctions differ only in that they are out of phase by n/2 around the path. Likewise, the highest frequency pair of lines correspond to standing waves along the fastest average path. For a station
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Figure 4. Eigenfrequencies of mode ,S,, normalized to spherical model 1066A as a function of epicentral distance for the cases depicted in Fig. 3 . The horizontal lines in each instance represents the path average frequency no predicted by lowest order geometrical optics for model M84A. The apparent eigenfrequencies obtained from resonance peak fits to the synthetics (dots) differ from the path average in two important ways: a shift resembling a tangent function which varies rapidly with A , and a tendancy for slow and fast paths to yield an apparent eigenfrequency that approaches the spherical average (horizontal dashed line) when nearing the source or its antipode. 6G is shown as an irregular solid line. Agreement between 6G and the synthetic eigenfrequency is good for fast and slow paths but deteriorates for intermediate paths. located on or very near the slowest (or fastest) average path, the singlet spectrum is dominated by the well-excited low-(or high-) frequency pair as shown on the left half of Fig. 5 . A single resonance peak centred on this pair fits the spectrum well as is evidenced by the low residual under the peak on the right half of Fig. 5 . For a station located on an intermediate path, however, the line spectrum is no longer dominated by only one single or pair, and all singlets interfere destructively except near the path average where the interference is constructive. The resonance peak fit leaves a slightly larger residual, and 6 3 does not predict the resonance fit as well for some source-receiver separations.
Singlet interference also helps to explain shifts near radiation nodes. Away from nodal points on slow and fast paths, the multiplet peak location is controlled by the location of the one well-excited pair as just stated. At an asymptotic node, the two slow (or fast) eigenfunctions are excited to nearly equal amplitudes, and being out of phase, nearly cancel each other. Other singlet eigenfunctions interfere strongly as well, but cancellation remains incomplete at a point where, asymptotically, a node should be, and a small but distinct peak results. Where the factor of (9) equals zero, the slow (or fast) paired eigenfunctions cancel each other completely.
depends on the structure along nearby paths and Figure 6 . Excitation amplitudes and spectra as in Fig. 5 for points crossing a node in the radiation pattern.
A increases from 44.1" to 51.2" at 1.2" intervals along the paths of Fig. 4 . The numbers to the right of the spectra indicate the argument of the tangent factor in (9) . Note how to first order, destructive interference of singlets is incomplete and the spectrum is not flat at an asymptotic node. Wavy line beneath the peak shows residual after resonance fit is removed. Horizontal line segment below residual is that width on to which the singlet line spectra would project. Short arrows represent the path a,, ; long arrows, the resonance peak fit frequency.
corresponds approximately to the points at A = 85" for the fast path, A = 40" for the intermediate path, and A = 125" for the slow path in Fig. 4 . Nodal interference phenomena are well illustrated in Fig. 6 . The spectra shown here represent what happens as a receiver is moved from asymptotic antinode to antinode along a path, in this case from A = 44.1" to A = 51.2" at 1.2" intervals. As an asymptotic node is approached (centre), the dominant singlet pairs nearly cancel each other and the amplitude of the multiplet decreases. The measured synthetic frequency, shown by the long arrows, shifts away from the lowest order path average Qo, indicated by short arrows. A resonance peak seems to model the multiplet spectrum very well as evidenced by the very low residuals even at nodal points where the deviation from singlet-like behaviour should be great. While the shifts in Fig. 6 appear to be relatively small, consider that the maximum shift of oSzs away from the monopolar average for M84A is about 8 pHz, and the shifts shown here vary between 1 and 3 yHz. This is enough to affect the inversion of data, as will be demonstrated in the next section. It should be emphasized that these are effects which arise completely from energy within an isolated multiplet and do not involve coupling to other multiplets through rotation or lateral structure.
Implications for inversion
A set of 1148 high quality frequency measurements of fundamental spheroidal modes oS23-oS31 accumulated from 73 earthquakes (Table 1) recorded by the IDA network was examined for evidence of a large-scale pattern. This band of modes is not thought to be contaminated by rotational coupling ) and should be suitable for analysis for the effects of lateral structure. Maps of a subset of these observations, for three consecutive modes O S 2 4 -O S 2 6 r are shown in Fig. 7 . Coverage of great circle paths is good, and even cursory examination of the shifts suggests there is a degree 2 pattern. It is possible to fit spherical harmonics to the shifts, and assuming that lowest order geometrical optics is valid and these measurements do reflect an accurate path average, it is straightforward to convert the fit of great circle average to a map of local eigenfrequency via an elegant identity established by Backus (1964) , viz.
where P J x ) is the Legendre polynomial of degree s and 0, @ are the coordinates of the right pole of the great circle path. One serious shortcoming of this procedure is that only that part of the structure with even parity may be recovered, a point made by Backus (1964) . Also the modes considered here are from a very limited frequency band and as a consequence, depth resolution is poor. The inversions discussed now will address only lateral structure of even parity without considering depth dependence.
In practice, local eigenfrequency was inferred directly using where 606 are the coefficients of local eigenfrequency to be found from n observations. These may be cast into a matrix form of the least squares problem
where x is a vector of the m coefficients and b are the n observed frequencies. A is of dimension m x n. Equation (12) was solved by singular value decomposition (Wilkinson & Reinsch 1971) . The results of a six parameter fit up to spherical harmonic degree 2 of the data for three consecutive modes are shown in the left half of Fig. 8 . In all three cases, the condition number of the matrix A (the ratio of largest to smallest eigenvalue) is less than 10 which indicates that the sphere is sampled sufficiently well t o detect and recover structure of this wavelength. The strong degree 2 pattern seen earlier by inspection is evident here and is stable for all nine modes and for fits greater than degree 2. The 15 parameter fit up t o degree 4 (the degree 4 part of which is shown on the right half of Fig. 8 ) is not as stable even though the three consecutive modes sample essentially the same structure and the condition number of A is still less than 10. A statistical F test (Anderson & Bancroft 1952) indicates that the fit up t o degree 4 for each of these modes is significant above the 99 per cent confidence level (Table 2) , though a chi square analysis suggests that much of the variance remains unexplained. As one further check on the adequacy of sampling, great circular averages were computed for the full degree 8 model and substituted for the frequency measurements. When inverted, the fit to this 'noise-free' data was indistinguishable from the starting model. To test the hypothesis that deviations from the great circular average approximation are responsible for the unexplained variance, a set of synthetics was calculated from model M84A for each of the source-receiver pairs used t o compute the maps of (1 984a, b) , , and from Masters (private communication) were used as sources. The synthetic modes were measured in the same way as the data, and the results of fits for local eigenfrequency are shown in Fig. 9 . Because of the pointwise correspondence between the data and synthetics, the matrix A of (12) is identical and only b has changed. Therefore the condition number and the numerical stability of the solution are also the same. Again the degree 2 pattern is stable but the degree Figure 9 . Same a s Pig. 8 but for a synthetic set corresponding pointwise to the data of Fig. 7 . Again, the degree 2 pattern is stable, but if anything, the degree 4 pattern is worse. Inversion simply involves fitting to data a frequency function which is evaluated at the pole of the source-receiver great circle. For small data sets, the density of poles will be small, nodal fluctuations should dominate, and measurements may vary widely from the great circular average. Inversions based upon no should result in solutions which incorporate spurious short-wavelength structure to accommodate the discrepant measurements near radiation nodes. In larger data sets, the frequency function is fit to a higher density of path poles, and nodal fluctuations should tend to be averaged out by the inversion process. The antipodal bias of fast and slow paths toward the spherical average cdd remains however, and
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GREAT CIRCLE AVERAGE Synthetic set I CoTTeSpondS pointwise to the data of Fig. 7 for ,S,, . Synthetic set 2 is for a set almost 10 times as large as sct 1 . Model M84A from which the synthetics were calculated is shown a t bottom. The fit of set 1 incorporates spurious short-wavelength structure to accommodate discrepancies at radiation nodes. The fit o f set 2 averages nodal fluctuations but the antipodal bias o f slow and fast path frequencies toward the spherical average results in a loss of short-wavelength. extrema of t i~~~~~l should be artificially smoothed. Fits of larger sets may be expected to not recover the higher degree structure. Fig. 10 suggests that this is exactly what is happening. Synthetic set 1 corresponds to the measurements for oSzs mentioned above. Fig. 8 shows only the fit to degree 4, but here the fit is up to degree 8 and maps of both local eigenfrequency and the great circular average of local eigenfrequency are displayed. A second, and much larger, set of synthetics, here designated set 2, was generated for all earthquakes of moment greater than 1 O I 9 nt m and of focal depth less than 100 km for all stations of the IDA and ASRO/SRO networks for the years 1981-83 (a set about 10 times larger than set I). Both the maps of local eigenfrequency and great circular average show that the fit of set 1 contains more short wavelength structure than, and that of set 2 less short wavelength than the model from which they were generated. As a check to make sure that increasing the set size would help average out nodal fluctuations, sets of great circular averages corresponding pointwise to the synthetic sets were computed and to these were added Gaussian noise with variance as large as between synthetics and model. As expected, inversion of the smaller set did not resemble the model closely but inversion of the larger recovered the model very well.
The misfit of the larger set occurs at the higher degree portions of the fit as is shown in Figs 11 and 12. In Fig. 11 , the plot of relative power shows that, in the synthetic fit, the power in degree 2 is enhanced slightly at the expense of significant relative reductions in degrees 6 and 8. The normalized coefficient variance, shown in Fig. 12 , can be defined as:
where the sum is made over each degree s. This also indicates that the fit deteriorates with increasing degree, and the antipodal bias inhibits the recovery of the short-wavelength portion of the model.
Conclusions
Synthetic tests of normal mode frequency measurements reported in this study indicate that deviations from the behaviour predicted by assuming that such measurements reflect the average structure underlying the great circle path connecting source and receiver can be appreciable and can bias significantly the inversion of data. These deviations are particularly acute in the neighbourhood of foci near the source and its anitpode and also at nodal points in the radiation pattern.
Normal mode data sets are large and growing larger, so bias affecting small data sets may be safely ignored. A remaining danger is that inversion of these frequencies may result in models which are artificially smooth for the reasons discussed above. Masters er al. (1982) inferred a model of the upper mantle which incorporates less short-wavelength structure than that inferred by Woodhouse & Dziewonski (1984) , who fit waveforms of long-period body waves and several surface wave orbits in the time domain. Caution should be used when comparing the two models since they were derived in different manners, but in general, the degree 2 part of the two models are very similar. The set considered by Masters er al. was small enough for nodal fluctuations to obscure in the peak shift data the structure reported by Woodhouse & Dziewonski. Inverting a larger set of shifts in the same way does not guarantee that shorter wavelength structure will be resolved.
One way t o improve upon peak shift studies is to base inversions upon 6Q rather than the asymptotic no. Resonance peak fitting to spectra seems to yield peak shift measurements predicted well by 6 6 for many cases, and its comprehensive error analysis (Dahlen 1982) will help overcome the problem of error assessment which is very difficult in time domain techniques. Preliminary processing of data in this manner has yielded patterns of 6olocill which show evidence of short-wavelength structure consistent over a band of modes. This work will be the subject of a future paper.
Substituting (A7) into (A6) yields
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Therefore,
For brevity, define n cot A p r i A ----
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Rewriting this slightly and using (A7) once more, velocity gradients perpendicular to the source-receiver great circle affect the interference of singlets just as they control the scattering of surface waves. For the more general moment tensor, the steps to be followed are the same. The result for a spheroidal mode observed on a vertical instrument is presented here without proof 
